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Abstract
We asked whether mesenchymal/epithelial (M/E) interactions regulate retinoic acid (RA) signaling in the olfactory placode and whether
this regulation is similar to that at other sites of induction, including the limbs, branchial arches, and heart. RA is produced by the
mesenchyme at all sites, and subsets of mesenchymal cells express the RA synthetic enzyme RALDH2, independent of M/E interactions.
In the placode, RA-producing mesenchyme is further distinguished by its coincidence with a molecularly distinct population of neural
crest-associated cells. At all sites, expression of additional RA signaling molecules (RAR, RAR, RXR, CRABP1) depends on M/E
interactions. Of these molecules, RA regulates only RAR, and this regulation depends on M/E interaction. Expression of Fgf8, shh, and
Bmp4, all of which are thought to influence RA signaling, is also regulated by M/E interactions independent of RA at all sites. Despite these
common features, RALDH3 expression is distinct in the placode, as is regulation of RAR and RALDH2 by Fgf8. Thus, M/E interactions
regulate expression of RA receptors and cofactors in the olfactory placode and other inductive sites. Some aspects of regulation in the
placode are distinct, perhaps reflecting unique roles for additional local signals in neuronal differentiation in the developing olfactory
pathway.
© 2003 Elsevier Inc. All rights reserved.
Introduction
During initial morphogenesis of the olfactory system and
other sites of nonaxial induction, retinoic acid (RA) signal-
ing contributes to patterning and differentiation, presumably
via its contribution to mesenchymal/epithelial (M/E) inter-
actions (LaMantia et al., 1993, 2000; Anchan et al., 1997;
Whitesides et al., 1998). In the olfactory placode, there is a
distinct source of RA in the mesenchyme (LaMantia et al.,
1993, 2000), and several retinoid synthetic enzymes, bind-
ing proteins, and receptors are expressed in either the mes-
enchyme or epithelium (Osumi-Yamashita et al., 1990; La-
Mantia et al., 1993; Niederreither et al., 1997, 2002;
Whitesides et al., 1998; Li et al., 2000). Despite the avail-
ability of this established inductive signal and several re-
lated molecules, the relationship between M/E interactions,
RA, and patterned expression of related cofactors during
olfactory pathway development is not known. Thus, we
asked whether the local synthesis and activity of RA as well
as expression of several related signaling molecules in the
olfactory placode depends upon M/E interactions. In paral-
lel, we evaluated whether RA, by itself or in the context of
M/E interactions, regulates induction and patterning. Such
regulation might influence the establishment of local axes,
subsequent morphogenesis, and differentiation in the olfac-
tory pathway (LaMantia et al., 2000).
Our previous observations suggest a specific role for RA
in olfactory pathway morphogenesis and differentiation.
Nevertheless, RA signaling is common to many inductive
sites, including the branchial arches, limbs, and heart. Thus,
in the placode, RA might influence other inductive signals,
including Fgf8, shh, and Bmp4 (LaMantia et al., 2000), as
has been suggested in the facial primordia (Schnieder et al.,
2001) and the limbs (reviewed by Dudley and Tabin, 2000).
Furthermore, deleterious consequences of disrupted RA sig-
naling in the olfactory pathway as well as the face, heart,
and limb (reviewed by Sucov et al., 1996; Francis-West et
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al., 1998; Schneider et al., 1999; LaMantia, 1999) may
reflect similar functions for RA at each site. Alternately, the
unique demands of neuronal differentiation in the placode
may require distinct regulation of local RA signaling. To
distinguish between these possibilities, we compared the
ability of RA and other M/E signals to influence expression
and patterning of RA receptors, cofactors, and other rele-
vant molecules in the olfactory pathway with that in the
limbs, branchial arches, and heart.
There is a balance of M/E-independent and M/E-depen-
dent regulation of RA signaling in the olfactory placode.
M/E regulation of RA signaling is a common mechanism;
nevertheless, the local regulation of a subset of RA recep-
tors and cofactors is distinct in the olfactory placode. Ap-
parently, common mechanisms for M/E regulation of RA
signaling can be modulated by additional local signals in the
olfactory placode, perhaps reflecting the adaptation of
shared inductive mechanisms for specific purposes, includ-
ing neuronal differentiation, axon growth, and guidance in
the nascent olfactory pathway.
Materials and methods
Mice
Wild-type (ICR, Harlan) and transgenic geo6 embryos
were obtained from timed pregnancies (morning of vaginal
plug  E0.5) generated in a breeding colony maintained by
the Department of Laboratory Animal Medicine at the Uni-
versity of North Carolina at Chapel Hill, in accordance with
requirements established by the UNC-CH Institutional An-
imal Care and Use Committee. The geo6 gene-trap line
was generated by random insertion of a targeting vector in
embryonic stem cells (Friedrich and Soriano, 1991; LaMan-
tia et al., 2000) and maintained heterozygously in breeding
males who were crossed with wild-type females to recover
heterozygous geo6 embryos. Pregnant dams were sacri-
ficed by rapid cervical dislocation. geo6 embryos were
genotyped by -gal histochemistry or PCR of genomic
DNA.
Histochemistry and immunocytochemistry
-Galactosidase histochemistry was performed as de-
scribed previously (LaMantia et al., 2000). For explant or
tissue section immunohistochemistry, we used mouse
monoclonal -nestin (R401; Developmental Studies Hy-
bridoma Bank), rabbit RALDH2 antiserum (generously pro-
vided by P. McCaffrey), or mouse monoclonal CRABP1
(ABR). Species appropriate secondary antisera (Molecular
Probes; Alexa series) were used for immunofluorescent la-
beling of cryostat sections. In whole-mount preparations,
nickel chloride (0.05%) was used with diamino benzidine to
enhance detection. These preparations were imaged on a
Leica DMR epifluorescence microscope or MZ400 pho-
tomacroscope.
Explant cocultures for RA production
Cocultures of E9 wild-type or E10 geo6 tissue grown
upon monolayers of CE6 RA-indicator cells—stably de-
rived from mouse L-cells transfected with a Direct Repeat
(DR) 5-Retinoic Acid Response Element (RARE)–thymi-
dine kinase (TK) promoter driving GFP (LaMantia et al.,
2000)—were prepared as described previously (Colbert et
al., 1993; LaMantia et al., 2000). After 24 h, live images of
GFP signal were collected, and then the cultures were pre-
pared for -gal histochemistry. For each culture, the posi-
tion of GFP-expressing cells in the CE6 cell monolayer was
plotted from the live image, and that of -gal-labeled cells
in the overlying explant was plotted from an image of the
histochemically reacted explant. Subsequently, the perime-
ter of the explant from each image was aligned, and the
plots of GFP- and -gal-expressing cells were superim-
posed. Coincidence of GFP-expressing CE6 cells with
geo6/-gal-expressing cells was estimated by counting the
number of GFP-expressing cells that overlap with -gal-
expressing cells, and reporting that number as the percent-
age of the total GFP-expressing cells in each culture. This
estimate indicates the extent of spatial coincidence of the
two populations rather than absolute registration of GFP-
expressing cells in the monolayer and -gal-expressing cells
in the explant. Means of three replicates were calculated for
each region, and the percentage error was expressed as the
standard deviation divided by the square root of the number
of explants for each region.
In vitro explant cultures
E9.0/9.5 embryos (shortly after the headfolds close) were
harvested in cold Tyrode’s solution. Three-layer pieces of
neuroepithelium, mesenchyme, and surface epithelium from
the frontonasal mass, or two layer pieces of surface epithe-
lium and mesenchyme from the first branchial arch or fore-
limb bud were transferred to a 1:1 solution of 2.5% pancre-
atin and 0.25% trypsin in L15 media for at least 30 min. The
forebrain neuroepithelium was removed from the frontona-
sal mass by using sharpened microneedles. Subsequently,
the surface epithelium and mesenchyme of the frontonasal
mass, first branchial arch, or forelimb bud were either sep-
arated or recombined. The tissues were transferred onto
8-m nucleopore membranes floating on 3 ml DMEM/10%
RA-stripped FBS/1% Pen-Strep at 37°C in 95% room
air/5% CO2. RA (all-trans, 10
7; Sigma; diluted in media
from a 102 M DMSO stock) was added directly to the
media. After 24 h, this medium was replaced and fresh RA
was added. Recombinant mouse Fgf8b protein (R&D Sys-
tems) was added at a concentration of 100 ng/ml, and
replaced along with the media after 24 h. After 48 h,
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explants were imaged live and then fixed for immunohisto-
chemistry or in situ hybridization.
In situ hybridization
In situ hybridization on whole embryos or explants was
performed by using established protocols (LaMantia et al.,
2000). Anti-sense RNA probes were synthesized from plas-
mids containing either complete cDNAs (provided by: shh,
A. McMahon; Fgf8, G. Martin; Bmp4, T.M. Underhill;
RALDH3, P. McCafferey), RAR,, or RXR fragments
(Colbert et al., 1995; Rubin and LaMantia, 1999). Whole
embryos (exposed to RA as described below) and age-
matched controls were hybridized together to minimize
variability, as were pairs of control and RA- or Fgf8b-
treated explants.
Semiquantitative reverse transcription–polymerase chain
reaction (RT-PCR)
Pregnant dams were gavage fed RA (100 mg/kg maternal
weight) in sesame oil vehicle or sesame oil alone. After 4 h,
embryos were harvested and forebrain, limb buds, heart, and
branchial arches dissected. RNA was obtained with Trizol
(Gibco BRL) and reverse-transcribed. cDNA concentrations
were standardized by competitive quantitative PCR for
-actin (Maynard et al., 2002). Primer sets were optimized
to the same annealing and extension temperatures.
Analysis of embryo and explant labeling
Images of dissected frontonasal masses, limb buds,
branchial arches, and hearts from concurrently processed
Fig. 1. geo6- and RALDH2-labeled mesenchymal cells coincide with neural crest at sites of M/E induction. (A) E10 geo6 embryo reacted for
-galactosidase (-gal). -Gal-labeled cells in the frontonasal mass (box B), first and second branchial arches (box F), aortic arches (third and fourth branchial
arches, box H), and forelimb bud (box K). (B) Dissected frontonasal mass, the dotted line indicates location of the section shown in (C). (C) Section through
the forebrain neuroepithelium (fb), mesenchyme (m), and surface epithelium (e) showing geo6 cells. (D, E) Immunofluorescent double labeling of geo6
cells (D, red: -gal) for nestin (E, green: nestin). Numbered cells indicate correspondence between the two populations. (F) geo6 cells in first and second
branchial arch. (G) Section through the first arch showing geo6-labeled mesenchymal cells. (H) geo6 cells in the aortic arches, left atrium, and ventricle
(arrows). The dotted line indicates the level of the section shown in (I). (I) Section showing geo6 cells in the aortic arch mesenchyme. (J) geo6 (red) and
RALDH2 (green) immunolabeled cells coincide in the mesenchyme of the fourth branchial arch. (Inset) Three examples (arrows) of double-labeled cells. (K)
geo6 cells concentrated in the anterior aspect of the forelimb bud. Dotted lines indicate plane of section for (L) and (M). (L, M) Sections showing the varying
frequency of geo6-labeled cells in the anterior versus midposterior forelimb bud mesenchyme. In addition, in the limb, there are some labeled cells in the
epithelium. (N) geo6 (red) and RALDH2 (green) immunolabeled cells coincide in the forelimb bud mesenchyme. (Inset) An example of a double-labeled
forelimb mesenchymal cell (n, unlabeled nucleus).
Fig. 2. Retinoids are produced by RALDH-2-expressing mesenchyme at several sites of M/E signaling. (First row). Live images of explants of recombined
mesenchyme and epithelium from the frontonasal mass (fnm), first branchial arch (ba I), or forelimb bud (flb) of E9.5 embryos, cultured for 24 h on
monolayers of CE6 indicator cells. Bright cells are GFP-expressing CE6 cells, presumably activated by RA in the overlying explant. (Second row). Isolated
epithelium (e) or mesenchyme (m) from fnm, ba I, and flb of E9.5 embryos cultured for 24 h on CE6 indicator cells. (Third row). Recombined explants from
E9.5 embryos, cultured for 48 h, then labeled immunohistochemically with antibodies against RALDH2, a retinoid synthetic enzyme. (Fourth row). Isolated
epithelium or mesenchyme from E9.5 embryos, cultured for 48 h, labeled immunohistochemically with antibodies against RALDH2. (Fifth row) Recombined
explants from E9.5 embryos labeled immunohistochemically for the cellular retinoic acid binding protein CRABP1. (Sixth row). Isolated epithelium or
mesenchyme from E9.5 embryos labeled immunhistochemically for CRABP1. (Seventh row). Recombined explants from E9.5 embryos, labeled by in situ
hybridization for the retinoid synthetic enzyme RALDH3. (Eighth row). Isolated epithelium or mesenchyme from E9.5 embryos labeled by in situ
hybridization for RALDH3.
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embryos or explants pairs were scored blind by four inde-
pendent observes. All images were collected at the same
magnification and illumination, processed identically, ar-
ranged in side-by-side composites, and scored on a single
monitor. Sets of dissected structures from RA and control
whole embryos were scored either as 1, 0, or 1 to
indicate the most, intermediate, and least intense and exten-
sive signal. Explants were assigned a 1 or 1, respec-
tively, to the most and least intensely and extensively la-
beled, or if both appeared equal, each was assigned a zero.
Results
Neural crest and local RA sources in the olfactory
placode
We first asked whether the apparent cellular source of
RA in the frontonasal mass—neural crest-associated cells in
the lateral nasal mesenchyme (Anchan et al., 1997; LaMan-
tia et al., 2000)—was unique to the olfactory placode, or
seen at other sites of M/E interaction. We visualized these
cells in geo6 mice where they are labeled by -gal under
the control of a neural crest selective promoter identified by
a gene trap. geo6-labeled cells are seen in the mesenchyme
of the frontonasal mass, as well as in the branchial arches,
heart, and forelimb bud (Fig. 1). In the frontonasal mass and
elsewhere, they coincide with cells immunolabeled for the
intermediate filament nestin (Fig. 1D and E), considered a
marker for neural crest at this stage (Stemple and Anderson,
1992). Furthermore, at each site, a subset of geo6 cells can
be labeled for RALDH2 (Fig. 1J and N; see also Fig. 2), an
aldehyde dehydrogenase associated with local RA synthesis
as well as neural crest (Moss et al., 1998; Sockanathan and
Jessell, 1998; Niederreither et al., 1999). RALDH2 expres-
sion is most prominent in the mesenchyme at each site (Fig.
2). Thus, geo6-labeled, neural crest-associated cells are
found in the mesenchyme in the olfactory placode and other
sites of M/E interaction, where RALDH2 is expressed and
RA is known to be locally available.
We next asked whether the mesenchyme defines a
unique source of transcriptionally active retinoids in the
branchial arches, limbs, and heart, as is the case in the
olfactory placode (LaMantia et al., 1993). Explants of these
tissues from E9.5 or E10.5 embryos were grown on mono-
layers of CE6 cells that express GFP in response to RA via
Table 1
Influences of M/E signaling on expression of retinoid receptors,






n expr. n expr. n expr.
E/M
RALDH2 16 16/16 13 12/13 16 16/16
CRABP1 5 5/5 5 3/5 7 6/7
RALDH3 4 4/4 11 0/11 10 0/10
RAR 18 18/18 3 3/3 7 7/7
RAR 23 23/23 8 8/8 18 18/18
RXR 15 15/15 1 1/1 9 9/9
Fgf8 37 37/37 8 8/8 45 45/45
shh 37 37/37 3 3/3 36 36/36
Bmp4 46 46/46 7 7/7 52 52/52
E only
RALDH2 3 1/3 8 1/8 2 0/2
CRABP1 3 0/3 5 0/5 3 0/3
RALDH3 5 0/5 5 0/5 2 0/2
RAR 6 6/6 2 2/2 3 0/3
RAR 8 0/8 2 0/2 4 0/4
RXR 9 0/9 2 0/2 3 0/3
Fgf8 11 0/11 2 0/2 15 0/15
shh 16 0/16 1 0/1 17 0/17
Bmp4 17 0/17 4 1/4 15 0/15
M only
RALDH2 5 4/5 5 5/5 4 4/4
CRABP1 3 0/3 4 1/4 3 0/3
RALDH3 7 0/7 9 0/9 11 0/11
RAR 8 8/8 3 0/3 5 5/5
RAR 9 0/9 3 0/3 5 0/5
RXR 8 0/8 3 0/3 5 0/5
Fgf8 12 0/12 2 0/2 19 0/19
shh 16 0/16 1 0/1 17 0/17
Bmp4 18 0/18 1 0/1 18 0/18
Table 2
Influence of RA and Fgf8b on expression of retinoid receptors,
cofactors, and related signals
Frontonasal mass Forelimb bud
RA n Fgf8 n RA n Fgf8 n
E/M
RALDH2 — — up 7/8 — — down 7/9
RALDH3 n.c. 2 n.c 3 n.c. 4 n.c. 3
RAR n.c. 9 n.c 2/2 ø 3 ø 3/3
RAR up 9/12 up 10/10 up 4/5 up* 6/7
RXR n.c. 8 — — n.c. 3 — —
FGF8 n.c. 16 — — n.c. 12 — —
shh n.c. 18 — — n.c. 9 — —
BMP4 n.c. 18 — — n.c 13 — —
E only
RALDH3 ø 3 ø 4 ø 3 ø 4
RAR — — — — — — — —
RAR ø 3 ø 1 ø 2 ø 1
RXR ø 4 — — — — — —
FGF8 ø 2 — — ø 5 — —
shh ø 4 — — ø 6 — —
BMP4 ø 5 — — ø 3 — —
M only
RALDH3 ø 4 ø 4 ø 4 ø 4
RAR — — — — — — — —
RAR ø 3/4 ø 2 ø 3 up 2
RXR ø 4 — — ø 2 — —
FGF8 ø 2 — — ø 5 — —
shh ø 4 — — ø 6 — —
BMP4 ø 5 — — ø 3 — —
Note. n.c., no change; ø, no expression; up, increase in intensity and
expansion of expression territory, up* fs, increased intensity w/o noticeable
pattern change; —, not determined.
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a DR5 RA Response Element (RARE; LaMantia et al.,
2000). In each case, explants of recombined mesenchyme
and epithelium, placed mesenchyme-side down on the
monolayer, produce RA (Fig. 2, first row). To determine
whether RA is made uniquely by the mesenchyme, we
compared CE6 cell activation in cocultures of isolated mes-
enchyme or epithelium. Isolated placodal, branchial arch, or
limb mesenchyme activates the DR5 RARE in CE6 mono-
layers; however, isolated epithelium does not (Fig. 2, first
and second rows). To assess whether this autonomous pro-
duction of RA by the mesenchyme is paralleled by expres-
sion of RALDH2, we immunostained isolated epithelium
and mesenchyme which had been cultured for 48 h.
RALDH2 continues to be expressed in isolated mesen-
chyme, but not epithelium (Fig. 2, third and fourth row).
This is not the case for another locally expressed RA met-
abolic cofactor, the cellular retinoic acid binding protein
CRABP1, which is also associated with neural crest, and
expressed exclusively in the mesenchyme in the placode,
branchial arches, limbs, and heart (Maden et al., 1992). In
recombined explants, CRABP1 is expressed selectively in
the mesenchyme of the placode, first branchial arch, and
forelimb bud (Fig. 2, fifth row). It is not detected in isolated
epithelium or mesenchyme (Fig. 2, sixth row). Similarly,
expression of the retinoid synthetic enzyme RALDH3,
which is normally limited to the olfactory epithelium (as
well as the retina and adjacent surface epithelium; Li et al.,
2000), is seen in recombined cultures of frontonasal epithe-
lium and mesenchyme (Fig. 2, seventh and eighth row;
Table 1). RALDH3 is not seen in isolated placodal epithelia
or mesenchyme, nor is it seen in recombined or isolated
tissues from the first branchial arch or limb (Fig. 2, seventh
and eighth row). all trans RA (107 M) does not rescue
expression of RALDH3 in isolated placodal epithelium, nor
does it elicit anomalous expression in recombined placode
or limb bud, isolated placodal mesenchyme, limb epithe-
lium, or limb mesenchyme (Table 2).
Finally, we asked whether RA sources and subsets of
neural crest-associated cells are spatially coincident in
the branchial arches and limbs as in the olfactory placode
(Anchan et al., 1997; LaMantia et al., 2000). There is
significant heterogeneity in the degree of spatial coinci-
dence (Fig. 3). In the frontonasal mass, there is practi-
cally complete overlap of geo6-labeled population and
local RA production assessed by activation of CE6 cells
in the underlying monolayer. An average of 90  3% of
GFP-expressing CE6 cell population is spatially coinci-
dent with geo6-labeled population in the overlying ex-
plant (n  3). In contrast, the degree of coincidence in
the branchial arches (9  5%, n  3), heart (54  3%, n
 3), and forelimb bud (21  3%, n  3) is lower. This
may reflect, in part, differing geometry of these tissues, a
more complex distribution of neural crest-associated
cells, or greater heterogeneity of mesenchymal cell
classes. Nevertheless, there is an enhanced relationship
between a specific subset of neural crest-associated mes-
enchymal cells and local RA sources in the olfactory
placode versus other sites of M/E interaction.
RA receptors and M/E interaction in the olfactory
placode
Previous observations suggest that RA and RA receptors
influence the differentiation of olfactory receptor neurons
(LaMantia et al., 1993, 2000 Whitesides et al., 1998); how-
ever, many RA receptors found in the placode, including
RAR, RAR, and RXR (Fig. 4, top row), are also selec-
tively expressed in the branchial arches, limb buds, and
heart. Moreover, RA regulates transcription of these recep-
tors, either directly via RA response elements in upstream
regulatory regions (RAR, RAR; reviewed by Linney and
LaMantia, 1994), or indirectly (RXR; Wan et al., 1994).
Accordingly, we asked whether there is parallel or divergent
M/E regulation of these receptors in the placode versus the
first branchial arch and forelimb bud. We used an in vitro
assay (Neubuser et al., 1997; Firnberg and Neubuser, 2002;
Tucker et al., 1999; LaMantia et al., 2000) that permits
isolation and manipulation of local M/E interactions. This
approach facilitates controlled addition of exogenous sig-
nals and minimizes secondary effects from distal tissues or
circulating cofactors in whole embryos that can complicate
comparison between regions.
In the isolated frontonasal mass, apposition of local ep-
ithelium and mesenchyme, in vitro for 48 h, maintains
patterns and levels of RAR, RAR, and RXR that resem-
ble those in vivo (Fig. 4, second row; Table 1). When
epithelium or mesenchyme is cultured separately (Fig. 4,
third row; Table 1), RAR continues to be expressed, albeit
at apparently lower levels, suggesting that its expression is
partially autonomous in both tissues. Neither RAR nor
RXR is detected in isolated epithelium or mesenchyme
(Fig. 4, third row; Table 1); moreover, exogenous RA (107
M) does not restore their expression (Table 2; see also Fig.
6). Thus, it is unlikely that the loss of expression reflects
Fig. 3. Relationship of neural crest-associated cells with local RA sources. Olfactory placodes, branchial arches hearts, and forelimb buds from E10.5 geo6
embryos were cultured mesenchyme-down on RA-responsive CE6 indicator cell monolayers. The same explants were subsequently reacted for -gal. (First
row) (Left) GFP-expressing cells associated with the lateral aspect of the olfactory placode. (Middle) geo6-expressing cells in the same olfactory placode.
(Right) Overlay plot of GFP (green) and geo6-expressing cells (blue) aligned using the outlines of the explant and fiducial landmarks. (Second row) (Left)
GFP-expressing cells in the first (baI) as well as the second branchial arch (baII). (Middle) geo6-expressing cells. (Right) Overlay plot. (Third row) (Left)
GFP-expressing cells associated with the outflow tract (ot), left atrium (at-l), and aortic arches (III and IV), but not the right atrium (at-r) in the developing
heart. (Middle) geo6-expressing cells. (Right) Overlay plot. (Fourth row). (Left) GFP-expressing cells associated with retinoic acid production (RA) in the
forelimb bud. (Middle) geo6-expressing cells in the same limb-bud. (Right) Overlay plot.
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direct RA regulation. We compared this profile of placodal
M/E regulation with that in recombined or isolated epithe-
lium and mesenchyme from the first branchial arch (Fig. 4,
fourth and fifth rows; Table 1) and forelimb bud (Fig. 4,
sixth and seventh rows; Table 1). As in the placode, RAR
and RXR rely on M/E apposition for continued expression.
Furthermore, in isolated forelimb bud mesenchyme or epi-
thelium, RA alone cannot rescue their expression (Table 2).
There is, however, one clear difference in receptor regula-
tion at the three inductive sites. In the first branchial arch,
there is modest but consistent expression of RAR in iso-
lated epithelium but not mesenchyme, while in the forelimb
bud, RAR is expressed robustly in isolated mesenchyme,
but not epithelium (Fig. 4 and Table 1). Thus, M/E regula-
tion of RA receptor expression is not unique to the devel-
oping olfactory pathway. There are differences, however, in
the autonomy of RAR expression in the epithelium and
mesenchyme of the placode versus the branchial arch and
forelimb bud.
M/E regulation of signals associated with RA
We next asked whether M/E interaction in the olfactory
placode regulates the patterned expression of other local
signals thought to interact with RA, including Fgf8, shh,
and Bmp4. As demonstrated previously, these inductive
signals are associated with distinct axes and tissues in the
placode and other sites, although specific relationships be-
tween some signals vary (Fig. 5, compare first, fourth, and
seventh rows). These spatial and compartmental (epithelial
vs mesenchymal) patterns suggest that M/E interaction
might influence expression of these signals; however, the
variability suggests that there may be differences in M/E
regulation at each site. In recombined frontonasal explants,
Fgf8 and shh continue to be expressed in limited epithelial
domains on the presumed medial side, and Bmp4 is seen in
both tissue compartments in the presumed posterior aspect
(Fig. 5, second row; Table 1), as is the case in vivo. We did
not detect expression of any of the signals in isolated epi-
thelium or mesenchyme (Fig. 5, third row). To determine
whether M/E regulation is unique in the placode, we eval-
uated recombined or isolated epithelium and mesenchyme
from the first branchial arch and forelimb bud. In the re-
combined branchial arch and forelimb, each signal is ex-
pressed in patterns that approximate those in vivo (Fig. 5,
fifth and eighth rows); however, they are not seen in isolated
epithelium or mesenchyme from either site (Fig. 5, sixth and
ninth row). Apparently, M/E regulation of Fgf8, shh, and
Bmp4 is not unique to the developing olfactory pathway,
despite local differences in expression patterns.
RA regulation in the context of M/E interactions
While direct regulation of RA receptors by RA is
unlikely, RA-dependent regulation within the context of
M/E interactions might influence patterning in the olfac-
tory placode, especially since our previous observations
show that altered RA signaling can compromise specific
aspects of olfactory differentiation (Anchan et al., 1997;
LaMantia et al., 2000). Accordingly, we evaluated
changes in RAR, RAR, and RXR expression in re-
sponse to RA in pairs of recombined frontonasal explants
from the same embryo. RA does not alter the pattern of
RAR or RXR expression, although there may be an
increase in the intensity of RAR, based on in situ hy-
bridization (Table 2). In contrast, RAR, normally en-
hanced in the lateral nasal mesenchyme, expands to the
entire mesenchyme in response to exogenous RA (Fig. 6,
first row, left; Table 2). RA-dependent regulation is not
unique to the frontonasal mass since a similar expansion
of RAR in the mesenchyme is seen in forelimb bud
explants. RAR is normally enhanced in the proximal
mesenchyme with little or no expression distally; in
response to RA, expression expands uniformly through-
out most of the mesenchyme (Fig. 6, first row, right;
Table 2).
The spatial relationship between local RA sources, RA
receptors and Fgf8, shh and Bmp4—all of which depend on
M/E interaction for their continued expression— suggests
that RA might influence the pattern or expression of these
three related signals. We first addressed this question in
vivo, by exposing E10.5 embryos to RA via maternal cir-
culation to enhance RA signaling. RAR expression was
increased and patterns expanded in dissected frontonasal
mass, forelimb buds, branchial arches, and heart from con-
trol and treated embryos processed together and subse-
quently scored blind by multiple independent observers,
consistent with previous reports of RA inducibility of RAR
(Mendelsohn et al., 1991). Nevertheless, there were no
consistent RA-related changes in Fgf8, shh, and Bmp4 (data
not shown). To confirm this observation, we performed
semiquantitative RT-PCR on dissected frontonasal masses,
forelimb buds, branchial arches, and hearts from RA-treated
and control litters. At each site, RAR was consistently
increased (approx. 8-fold; data not shown); nevertheless,
there were no detectable differences for Fgf8, shh, and
Bmp4.
These in vivo results raised the possibility that systemic
administration of RA via maternal circulation might be
insufficient to reveal local changes in expression of related
Fig. 4. Regulation of RA receptors by M/E interaction in the olfactory placode and other sites of nonaxial induction. (First row) In situ hybridization for RAR,
RAR, · · · RXR in E10.5 embryos. (Second row) In situ hybridization for RAR, RAR, · · · RXR in recombined frontonasal masses in vitro. (Third row)
In situ hybridization for retinoid receptors in isolated frontonasal mass epithelium (e) or mesenchyme (m) in vitro. (Fourth row) Retinoid receptors in
recombined first branchial arches. (Fifth row) Retinoid receptors in isolated first branchial arch epithelium (e) or mesenchyme (m). (Sixth row) Retinoid
receptors in recombined forelimb buds. (Seventh row) Retinoid receptors in isolatedforelimb epithelium (e) or mesenchyme (m).
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signaling molecules. Accordingly, we asked whether RA
influences expression of Fgf8, shh, and Bmp4 in isolated or
recombined epithelium and mesenchyme from the olfactory
placode. We also examined the influence of RA on these
signals in the forelimb bud to address the possibility of
unique modes of retinoid regulation in the olfactory pla-
code. In isolated frontonasal epithelium or mesenchyme,
exogenous all trans RA (107 M) neither rescues nor in-
duces anomalous expression of Fgf8, shh, or Bmp4 (Fig. 6,
third column; Table 2). Similar results were obtained in
isolated limb mesenchyme and epithelium (Fig. 6, sixth
column; Table 2). Finally, we assessed whether RA regu-
lates these signals in the context of M/E interaction. We
analyzed pairs of recombined frontonasal mass and forelimb
bud explants from the same embryo where one side was
exposed to RA and the other served as a control (Fig. 6, first
and second, forth and fifth row; Table 2). Upon visual
inspection, we did not detect consistent differences in ex-
pression levels or patterns, with the exception of a slight
tendency for shh to be modestly increased in the forelimb
bud. Subsequently, the explant pairs were scored blind by
five independent observers, and no consistent differences
were detected for the frontonasal mass or forelimb (Table
2). Apparently, expression of Fgf8, shh, and Bmp4, moni-
tored by in situ hybridization, does not change appreciably
in the placode or forelimb in response to exogenous RA.
Regulation of retinoid signaling molecules by additional
signals
RA does not seem to directly regulate other local
signals; however, it remains possible that other signals
influence local RA sensitivity or availability, thus facil-
itating apparent interactions between RA and other local
signaling pathways (reviewed by Dudley and Tabin,
2000). In particular, Fgf8 from the epithelium might
regulate retinoid synthesis or sensitivity (Schneider et al.,
2001; Mercader et al., 2000), thus explaining the appar-
ent antagonism between these two signals in the olfactory
pathway (LaMantia et al., 2000). We asked whether Fgf8
opposes the actions of RA by limiting RAR to the lateral
mesenchyme or downregulating the expression of
RALDH2, which coincides with the local RA source in
the lateral frontonasal mass. Surprisingly, exogenous
Fgf8b (100 ng/ml) results in an expansion of RAR
similar to that seen in response to RA (Fig. 7, first row,
left panels; Table 2), even though patterned expression of
another lateral mesenchyme marker, Pax7, is diminished
by Fgf8b (LaMantia et al., 2000). This signaling is only
effective in the context of M/E interactions— exogenous
Fgf8b does not elicit RAR expression in isolated fron-
tonasal epithelium or mesenchyme (Fig. 7, third column,
top). RALDH2 expression, normally coincident with
RAR, is also enhanced in response to Fgf8 in recom-
bined frontonasal explants (Fig. 7, first row, right panels;
Table 2). In contrast, RALDH3 expression is not sensitive
to exogenous Fgf8b, either in isolated tissues or in the
context of M/E interaction (Table 2).
This combination of Fgf8 regulatory influences on RAR
and RALDH2 is unique to the olfactory placode. In the
forelimb, intensity and extent of RAR in situ hybridization
increases in the presumed proximal domain in response to
Fgf8b; however, the pattern does not expand along the
presumed distal axis, as it does in response to RA (Fig. 7,
second row, left panels; Table 2). Exogenous Fgf8b can
elicit RAR expression in isolated forelimb mesenchyme
(Fig. 7, third column, bottom; Table 2), and expression of
RALDH2 is modestly reduced in general agreement with
previous reports (Fig. 7, second row, left panels; Table 2,
see also Niederreither et al., 1997; Mercader et al., 2000).
There is no anomalous expression of RALDH3 in response
to exogenous Fgf8b (Table 2). Thus, the regulation of at
least one retinoid receptor, RAR, and a retinoid synthetic
enzyme, RALDH2, by an additional local signal, Fgf8, is
distinct in the olfactory pathway.
Discussion
M/E interactions influence several aspects of retinoid
signaling in the olfactory placode and other sites of
nonaxial induction, including the branchial arches, limbs,
and heart. At all sites, local RA production and RALDH2
expression in the mesenchyme are autonomous. Never-
theless, RA acts primarily in a context of other epithelial
or mesenchymal signals. Accordingly, RA-independent
M/E-interactions regulate a significant subset of retinoid
receptors and cofactors in the placode and other inductive
sites. There are, however, differences in M/E regulation
of RA signaling in the placode. First, the local source of
RA in the frontonasal mesenchyme is in register with a
molecularly distinct population of neural crest-associated
cells. Second, there is unique expression and M/E regu-
lation of the RA synthetic enzyme RALDH3. Third, au-
tonomy of RAR expression in the placodal epithelium
and mesenchyme is distinct. Finally, the effects of Fgf8
on RAR and RALDH2 differ in the placode and forelimb
bud. Apparently, a general mechanism of M/E regulation
of RA signaling has been adapted or augmented to ac-
commodate particular requirements of local induction,
including neurogenesis, axon growth, and guidance es-
sential for establishing the nascent olfactory pathway.
Experimental evaluation of local M/E interactions
Our experiments demonstrate the utility of an in vitro
assay to assess the interdependence of two distinct tissue
compartments—mesenchyme and epithelium— for regu-
lating patterning and morphogenesis in the olfactory pla-
code and other sites of induction (see also Neubeuser et
al., 1997; Firnberg and Neubuser, 2002). This approach
has also been used to evaluate development in the lung
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and kidney, where M/E interactions and local signals also
mediate morphogenesis and differentiation (Cardoso et
al., 2000; Horster et al., 1999). A number of studies
suggest that several inductive signals, particularly RA
and Fgf8, regulate one another’s expression, pattern, and
activity (Johnson and Tabin, 1997; Liaudet-Coopman and
Wellstein, 1996; Wendling et al., 2000; Schneider et al.,
2001); however, the context of local M/E signaling has
not been fully considered. In our in vitro assays, we can
assess the capacity of each tissue, in apposition or isola-
Fig. 6. Limited influence of RA on RA receptors and additional signals in the frontonasal mass (fnm) and forelimb bud (flb). Control and RA-exposed (RA)
explants are pairs from the same embryo. All explants or isolated tissues were exposed to 107 M RA. (First row). RA regulation of RAR in the olfactory
placode (left) and forelimb bud (right). (Second row). Little apparent RA regulation of Fgf8 in the olfactory placode (left) and forelimb bud (right). (Third
row). Little apparent RA regulation of shh in the placode (left); however, there is some change in response to RA in the forelimb bud (right). This change,
however, is not recognized consistently, as is the case for RAR. (Fourth row). Little apparent RA regulation of Bmp4 in the placode (left) and the forelimb
bud (right).
Fig. 5. Regulation of Fgf8, shh, and Bmp4 by M/E interaction. In vivo, message for each signal was detected by in situ hybridization of whole E11.5 embryos,
subsequently microdissected to better visualize expression patterns. (First row) In situ hybridization in E11.5 embryos subsequently microdissected, for Fgf8
(left), shh (middle), and Bmp4 (right) in the medial (mnp) and lateral (lnp) nasal process as well as the olfactory pit (op) of dissected frontonasal masses (fnm).
(Second row) In situ hybridization of recombined frontonasal explants for the same molecules. (Third row) In situ hybridization in isolated frontonasal
epithelium (e) or mesenchyme (m) for the same molecules. (Fourth row) The same molecules in the first branchial arch from a whole embryo. (Fifth row)
The same molecules in recombined first branchial arch explants. (Sixth row) The same molecules in isolated epithelium or mesenchyme from the first
branchial arch. (Seventh row) The same molecules in the forelimb bud from a whole embryo [apical ectodermal ridge (aer) and the zone of polarizing activity
(zpa)]. (Eighth row) The same molecules in recombined forelimb bud explants. (Ninth row) The same molecules in isolated epithelium or mesenchyme from
the forelimb bud.
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tion, to regulate expression or activity of critical compo-
nents in the RA signaling pathway. In addition, we can
manipulate signaling without concern about systemic ef-
fects via maternal or embryonic circulation as well as
secondary teratogenesis or toxicity in the embryo. We
found an unanticipated level of M/E regulation of several
retinoid receptors and related signaling molecules. Fur-
thermore, we found that M/E regulation can vary at
distinct inductive sites. Thus, the evaluation of isolated,
local M/E interactions in vitro provides a useful addition
to surgical, genetic, and pharmacologic approaches in
vivo to examine mechanisms of RA signaling and induc-
tion in the olfactory pathway and other sites in the em-
bryo.
The neural crest, M/E induction, and RA
Neural crest-associated mesenchymal cells coincide
with local production of RA at several sites of M/E
interaction, including the olfactory placode. Crest-
derived cells constitute a large portion of the mesen-
chyme in the placode and other inductive sites (McMa-
hon and Bradley, 1990; Qiu et al., 1995; Ito and Morita,
1995; Yamada et al., 1997; Anchan et al., 1997; Clouthier
et al., 1998; Peters et al., 1998; Conway et al., 2000;
Jiang et al., 2000). We found that, at all sites, the mes-
enchyme provides a unique, autonomous source of RA.
RA production may be established as an intermediate
phenotype in subsets of these cells, either at the dorsal
neural tube (Colbert et al., 1993), in the migratory route,
or upon reaching a mesenchymal site. While neural crest
and RA production coincide generally at all sites, the
spatial coincidence of -geo6-labeled neural crest-
associated cells and a local RA source is greatest in the
olfactory placodal mesenchyme. This relationship is
maintained to a lesser extent in the aortic arches, and is
far less robust in the limb buds and branchial arches;
despite the presence of similar cell classes. This may
reflect constraints in the migration, distribution, or iden-
tity of crest cells in the olfactory placode, perhaps influ-
enced by Pax6 function (Anchan et al., 1997; Osumi-
Yamashita et al., 1997; LaMantia et al., 2000). Thus,
cellular diversity among mesenchymal populations, de-
rived either from neural crest or nonaxial mesoderm
(Trainor and Tam, 1995), might modify RA production
and the context of inductive interactions in the placode
versus other sites.
Autonomy of mesenchymal RA sources
Our results establish that mesenchymal production of
RA is independent of epithelial signals. This may reflect
the association of RA-producing mesenchyme with dis-
tinct populations of neural crest (Serbedzija et al., 1992;
Osumi-Yamashita et al., 1994, 1997; Ito and Morita,
1995; Kirby and Waldo, 1995; Anchan et al., 1997), and
might explain the close resemblance of RA teratogenesis
(which may cause cell death in crest-associated popula-
tions; Sulik et al., 1988) and consequences of embryo-
logical or genetic ablation of neural crest or mesen-
chyme. Mesenchymal RA sources in the olfactory
placode, as well as in the branchial arches, heart, and
limbs approximate the localization of the aldehyde dehy-
drogenase RALDH2 (McCaffery and Drager, 1995;
Niederreither et al., 1997; 2002; Moss et al., 1998; Berg-
gren et al., 1999). Moreover, RALDH2 remains ex-
pressed in parallel with RA production in isolated mes-
enchyme from these sites. It is not possible to establish
from our data whether RALDH2-expressing, neural
crest-associated cells alone are responsible for mesen-
chymal production of RA. Nor can we evaluate absolute
numbers of RALDH2-expressing or RA-producing cells.
Nevertheless, local mesenchymal production of RA is
consistent with phenotypes caused by mutations or con-
sequences of pharmacological manipulations of aldehyde
dehydrogenase function (Anchan et al., 1997; Niederrei-
ther et al., 1997, 1999, 2000; Schneider et al., 2001).
Together, these observations indicate that RA synthesis
via RALDH2 contributes significantly to local mesenchy-
mal sources of RA, M/E interactions, and olfactory pla-
code differentiation.
Isolated epithelia do not produce retinoids that acti-
vate the DR5 RARE in CE6 indicator cells. The DR5
RARE is responsive to a broad variety of retinoid ligands
at a range of physiologically relevant concentrations both
in vitro and in vivo (Colbert et al., 1993; Rubin et al.,
1999). Retinoids other than all-trans RA, 9-cis RA, 13-
cis RA, retinal, or retinol may be synthesized in the
epithelium. Alternately, mesenchymal production of
some retinoid ligands, perhaps via RALDH2, may be
limited to early development (before E11.5), and others
may be produced in the epithelium thereafter, presumably
in concert with increased expression of RALDH3 (Li et
al., 2000; Mic et al., 2000), regulated by M/E interac-
tions. In RALDH2 null embryos, the olfactory placode is
absent and RALDH3 is not expressed; however, RA via
maternal circulation can rescue placodal morphogenesis
and restore RALDH3 expression (Mic et al., 2002). Our
results indicate that this restoration is unlikely to reflect
direct regulation of RALDH3 by RA. Thus, the activity
and morphogenetic consequences of RA in the placode,
including that mediated by RALDH3, may be regulated
by M/E interactions in which autonomous RALDH2-
mediated local retinoid production by the frontonasal
mesenchyme plays a central, but indirect, role.
M/E regulation of RA receptors and binding proteins
Each of three retinoid receptors we have evaluated:
RAR, RAR, and RXR, as well as at least one major RA
binding protein, CRABP1, relies to some extent on M/E
signaling for its patterned expression. Of these three
94 N. Bhasin et al. / Developmental Biology 261 (2003) 82–98
retinoid receptors, only one, RAR, shows any autonomy
of expression in isolated tissues. Autonomous expression
of RAR in epithelium and mesenchyme is seen only in
the frontonasal mass; expression in isolated epithelium is
not seen in the limb bud, and expression in isolated
mesenchyme is not seen in the first branchial arch. More-
over, although expression can be detected in isolated
tissues, it is not as robust as that seen when mesenchyme
and epithelium are recombined. This suggests that, at
least for RAR, expression is modulated by specific local
determinants available via M/E interaction at distinct
inductive sites. The partial autonomy of RAR in the
epithelium at early stages of placode induction, and its
apparent absence in the limb bud, together with the au-
tonomy of RA production in the mesenchyme indicates
that RA signaling via RAR-dependent mechanisms may
be truly an inductive event. It relies on the coincidence of
an active signal (RA) available independently from one
cell or tissue, and the independent competence to respond
(reflected by RAR expression) in a second, adjacent cell
or tissue (Colbert et al., 1993; LaMantia et al., 1993).
The autonomous competence conferred by M/E-
independent RAR expression might contribute to the
rescue of olfactory placode morphogenesis by exogenous
RA in RALDH2 null mice (Niederreither et al., 1999;
Mic et al., 2002). Nevertheless, the function of RAR and
other RA receptors in olfactory pathway development
remains unclear. There are no known anomalies in olfac-
tory pathway morphogenesis in RAR null mutant mice
(Lufkin et al., 1993) or in compound nulls where RAR
is among the inactivated receptors (Lohnes et al., 1994).
Nevertheless, the failure of olfactory placode invagina-
tion in RALDH2 null mice and the capacity to rescue this
phenotype, among others, with exogenous RA provides
further evidence for the general importance of RA-
mediated induction in the developing olfactory pathway
(LaMantia et al., 1993, 2000; Anchan et al., 1997;
Whitesides et al., 1998). When local RA sources are
disrupted, either by elimination of RA-producing mesen-
chymal cells or the inactivation of a critical RA synthetic
enzyme, olfactory pathway morphogenesis fails. RAR,
alone may not be necessary; however, it may contribute
to the competence of olfactory placodal tissues to re-
spond to RA and other local signals.
The remaining receptors and cofactors all depend on
M/E regulation. In only one instance—regulation of
RAR by Fgf8 in isolated limb mesenchyme—is expres-
sion independent of M/E interaction. The ability of Fgf8
to rescue expression of RAR in isolated limb but not
frontonasal mesenchyme indicates that the apparent an-
tagonism between RA and Fgf8 signaling in the limb
(Mercader et al., 2000) and the placode (LaMantia et al.,
2000) is unlikely to reflect a single shared mechanism in
which RAR has a central role. Given the distinct expres-
sion and regulation of RAR, it is possible that the
apparent antagonism between RA and Fgf8 in the olfac-
tory placode versus other sites reflects differential regu-
lation of Fgf8 expression via an unliganded versus ligan-
ded RAR (Brodani et al., 2002). If this was the case,
constitutive expression of RAR, in the absence of local
RA (which is apparently the case in the medial aspect of
the olfactory placode), might promote transcription of the
mitogenic Fgf8b isoform while suppressing the inactive
Fgf8a isoform (Blunt et al., 1996). Accordingly, exoge-
nous RA might antagonize Fgf8b signaling by inducing
the inactive isoform. Similarly, differential regulation of
RAR isoforms (Mendelsohn et al., 1994a) by RA versus
Fgf8 might lead to transcriptional repression or enhance-
ment. Such isoform specificity, if it exists, could yield
distinct RA- and Fgf8-mediated effects.
Limits of RA regulation in the olfactory pathway
In the absence of M/E interaction, RA has little influence
on expression or patterning of its own receptors or related
signals in the olfactory pathway. Even RA-dependent mod-
ulation of the RA receptor RAR, whose two isoforms are
either directly (RAR 2,4) or indirectly (RAR 1,3) RA-
regulated (Song and Siu, 1989; Wu et al., 1992; Mendelsohn
et al., 1994a), is seen only in the context of M/E interac-
tions. Thus, our results establish clear limits for RA’s func-
tion in early induction of the olfactory pathway. RA has, at
best, modest modulatory effects on several other local sig-
nals. Thus, it is unlikely that RA acts alone, or via direct
changes in Fgf8, shh, and Bmp4, to modify patterning,
morphogenesis, or cellular differentiation in the olfactory
pathway.
Similar to observations in the branchial arches and
limb (reviewed by Schneider et al., 1999), Fgf8 and RA
have apparently opposing effects on patterning and dif-
ferentiation in the olfactory pathway (LaMantia et al.,
2000). This antagonistic relationship suggests compli-
mentary regulation of relevant signaling components that
influence olfactory pathway induction. The similar ef-
fects of Fgf8 on RAR seen in the olfactory placode, but
not the forelimb bud, raise an apparent paradox: how can
these two local signals with opposing actions on cellular
differentiation antagonize one another if they have par-
allel effects on patterning? The necessity of a context of
M/E interactions, and the lack of activity of single mol-
ecules like RA or Fgf8 to elicit expression or differenti-
ation in isolated tissues offers a provisional answer: the
activity of each signaling pathway depends on the inte-
gration of multiple signals, constrained spatially and tem-
porally by M/E interactions. These constraints, locally
modified in the placode versus other inductive sites, may
be essential for differentiation of olfactory neurons in the
epithelium and the appropriate guidance of their axons
through the mesenchyme toward their forebrain targets.
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